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Electron Transfer Chemistry between DNA and DNA-Binding Tripeptides

Elke Mayer-Enthart, Peter Kaden, and Hans-Achim Wagenknecht*
Chemistry Department, Technical Wersity of Munich, Lichtenbergstr. 4, D-85747 Garching, Germany
Receied March 11, 2005; Resed Manuscript Receéd June 10, 2005

ABSTRACT. A DNA system consisting of pyrene-modified oligonucleotides and nitrobenzoate (Nb)-modified
DNA-binding tripeptides has been applied to study electron-transfer processes through the&itle
interface. 5-(Pyren-1-yl)-2deoxyuridine (Py-dU) has been used as the photoinducible charge generator.
Upon excitation at 350 nm, a pyrene-like excited state (Py-dU)* is formed which undergoes an electron
transfer yielding the charge-separated state which is the contact ion paird®y~. The subsequent
electron shift from d& into the base stack competes with charge recombination and can be probed
chemically by trapping the electron at the 5-bromia@@oxyuridine (Br-dU) group leading to strand cleavage
which can be quantified by HPLC analysis. Several Nb-modified DNA-binding tripeptides influence these
DNA-mediated electron-transfer processes as shown by fluorescence spectroscopy experiments. Fluores-
cence quenching can occur primarily through a reductive electron-transfer process in which the Nb group
traps the electron thermodynamically from the contact ion pait-Pgls—. Moreover, our results indicate

that, once the negative charge has been trapped on the peptide, oxidative processes ftake Pjace
resulting in an enhanced and nonspecific strand degradation of the Py-dU-modified duplexes. The latter
type of strand cleavage can be inhibited by the presence of tryptophane or tyrosine as part of the peptides.
Most remarkably, DNA-binding tripeptides, which bear both the Nb and the tryptophan/tyrosine moiety,
are able to trap both the negative and the positive charge from the contact ion paidBy .

The genome is continuously exposed to various sourcesaging process if they occur within the telomets (7).
for damage with severe consequences such as permanerRemarkably, guanine oxidation can be repaired reductively
mutations or cell deathl-9). Especially, oxidative DNA or can lead to physiologically relevant DN#protein cross-
damage plays an important role in aging processes, forlinks and adducts18—21).

several diseases, and is a major source for cancer. In many Qn the other hand, excess electron-transfer processes play
cases, the formation of DNA damages represents the chemi growing role in the development of electrochemical DNA
cal consequence of the occurrence of DNA base radicals aschips, for example, for the detection of single base mutations
charged precursors within the DNA duple0J. Once a (22, |n contrast to the broad knowledge about oxidative hole
positively or negatively charged radical has been generated,transfer in DNA for which the mechanisms have been
the charge exhibits a mobility which could form a radical g|ycidated in the 19904, 23), the reductive type of DNA-
cation or anion at a distant site resulting in the irreversible mediated charge transfer has been subject to intense research
formation of DNA lesions. Such DNA-mediated Chal’ge- Only in the last 3-4 years 12) It was proposedl(:g) and
transfer processes can be categorized as either oxidative holgroven experimentally that during excess electron transfer
transfer or reductive electron-transfer processids-(3). each base pair can participate since the radical anions of C

Both processes represent, in principle, electron-migration and T play the role as intermediate electron carriers. By now,
reactions but with different orbital control; the oxidative hole o DNA lesions have been obtained as the irreversible

transfer is HOMO-controlled, whereas the excess electron chemical result of the occurrence of an excess electron in

transfer iS LUMO-COH'[I’O”ed. Th|S makeS C|eal’ that th|S the DNA. The increasing know|edge about excess e|ectron
cgteg_orization is not just formalism about the different transfer in DNA support the idea that this type of charge
directions of the electron. transfer has the potential to be considered for the develop-
For the oxidative type of DNA-mediated charge-transfer ment of nanotechnological applications, such as new DNA-
processes, a significant relevance in the formation of based electronic deviceg4).
oxidative damage to the DNA has been show)( Since
guanine represents the DNA base with the lowest oxidation
potential (L4, 15), it plays a special role during oxidative
DNA damaging 9, 16). The resulting oxidative guanine
damages cause permanent mutatidhs7) or promote the

DNA-mediated charge transfer exhibits an extremely high
sensitivity to disruptions of ther-stacking between the
intervening DNA bases which are caused by perturbations
of the DNA structure or conformatiorL{). DNA—protein
interactions are of special interest since they occur in a highly
site-selective fashion. In fact, DNA-mediated charge-transfer
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protein complexes, but a profound and clear understanding Preparation of Oligonucleotides (General Proceduri)e

of the electronic coupling between proteins and DNA is still oligonucleotides were prepared on an Expedite 8909 DNA
missing. For this purpose, DNA-binding peptides could serve synthesizer (Applied Biosystems) via standard phosphor-
as suitable models to elucidate characteristic DiMotein amidite protocols using CPGs (dnol) and chemicals from
interactions electronically. ABI and Glen Research. After preparation, the trityl-off

To study the DNA-mediated electron-transfer chemistry oligonucleotide was cleaved off the resin and was deprotected
in a photoinduced fashion, it is crucial to modify oligonucleo- by treatment with concentrated NBIH at 55°C for 10 h.
tides with suitable chromophore29 30). Recently, we used ~ The oligonucleotide was dried and purified by HPLC on a
pyrene 81—36), ethynylpyrene37—39), phenothiazine40), semipreparative RP-C18 column using the following condi-
and ethidium41—43) as photoinducible electron donors. The tions: A= NH,OAc buffer (50 mM), pH 6.5; B= MeCN;
electron-transfer processes have been studied by steady-sta@adient= 0—15% B over 45 min. The oligonucleotides were
fluorescence spectroscopy, time-resolved laser spectroscopylyophilised and quantified by their absorbance at 260 nm
and chemical probing. We found that DNA has to be (46
considered as a structurally flexible medium and DNA-  Preparation and Characterization of Modified Oligonucle-
mediated electron transfer cannot be reduced to a staticotides.The oligonucleotides were prepared on an Expedite
donor-bridge—acceptor situation3g). This interpretation 8909 DNA synthesizer (Applied Biosystems) via standard
stands in agreement with the most recent results about thePhosphoramidite protocols. The Py-thlilding block 31)
mechanism of oxidative hole transfei4( 45). In particular, ~ and the Br-dU building block (ChemGenes) coupled nearly
there is strong experimental evidence for an involvement of quantitatively. After preparation, the trityl-off oligonucleo-
base-stacking fluctuations and hydrogen-bonding interactionstides were treated with concentrated MHH at room
(not necessarily proton transfer) inside the DNA helix. With temperature for 27 h, protected from light. The oligonucle-
respect to these observations, the influence of DNA ligands otides were dried and purified by HPLC on a semipreparative
becomes increasingly important for the understanding of the RP-C18 column using the following conditions: ANH,-
mobility of radical charges in the DNA. In principle, OAc buffer (50 mM), pH 6.5; B= MeCN; gradient=
interactions between DNA bases and amino acids as part 0of0—30% B over 45 min. The oligonucleotides were lyophi-
DNA-binding proteins or peptides influence the DNA lised and quantified by their absorbance at 260 A6), (Using
dynamics and hence participate potentially in DNA-mediated € (260 nm)= 14.600 M™* cm™* for Py-dU @1) ande (260
charge-transfer processes. nm) = 7.000 Mt cm! for Br-dU (ChemGenes). MS

Herein, we want to present our recent efforts to investigate (MALD!I =TOF): ‘DNAL (ss)m/z (calcd) 5339,m/z (exp)
electron-transfer processes through the Dhpeptide inter-  2347; DNAZ (ss)m/z (caled) 5306z (exp) 5309; DNAS3

face. The DNA system consists of duplex DNA equipped (S8)MZ (calcd) 5393z (exp) 5392. - _
with pyrene as the electron donor and DNA-binding peptides Preparat.|0n and Characterization of Modified Peptides.
bearing a nitrobenzoate group as the electron acceptor. The\ter swelling with dry CHCI, (10 mL) for 1 h, the TCP

electron transfer has been explored by fluorescence quenchf€Sin (1.00 g, 0.95 mmol/g) was treated with a solution of
ing experiments as well as chemical probing. Fmoc-protected amino acids (1.2 equiv) in dry OH (10
mL) and Hinig's base (3 equiv) at room temperature for 1

EXPERIMENTAL PROCEDURES h. MeOH (1 mL) was added as a capping agent, and the
reaction mixture was shaken for 15 min. The resin was
Materials and MethodsChemicals were purchased from washed with CHCI, (3 x 10 mL), NMP (5x 10 mL), and
Lancaster, Aldrich, and Fluka; protected amino acids (Fmoc- MeOH (5 x 10 mL) and dried under vacuum. The resin was
Lys(Boc)-OH, Fmoc-TyiBu)-OH, Fmoc-Trp-OH) were  suspended three times in a solution of 20% piperidine in
purchased from Novabiochem. They were used without NMP (10 mL), agitated for 10 min, and washed with NMP
further purification. Solvents were distilled before use and (5 x 10 mL). The Fmoc-amino acid (2 equiv) in a 0.2 mM
dried according to standard procedures. ESI mass spectra& BTU (2 equiv) and HOBt (2 equiv) solution in NMP and
were measured in the analytical facility of the institute on a DIPEA (5.6 equiv) was added to the resin. The reaction
Finnigan LCQ-ESI spectrometer. MALBITOF analysiswas  mixture was shaken at room temperatuneXfd and washed
performed on a Bruker Biflex Il spectrometer using 3-hy- with NMP (5 x 10 mL). In case op-nitrobenzoate-modified
droxypicolinic acid in aqueous ammonium citrate as the peptides,p-nitrobenzoic acid has been coupled terminally
matrix. RP-C18 analytical and semipreparative HPLC col- using a reaction time of 2 h. Finally, the resin was washed
umns (300 A) were purchased from Supelco. All spectro- with CH.Cl, (5 x 10 mL) and treated with a solution of
scopic measurements were performed in quartz glass cuvette3 FA/H,O/triisopropylsilane 95:1:4 (10 mL) for X 1 h.
(1 cm) and using NaP;-buffer (10 mM). Absorption spectra  After removal of the resin by filtration, the filtrates were
(5 uM duplex) were recorded on a Varian Cary Bio 100 combined and the solvent was removed in vacuo. The peptide
spectrometer. Fluorescence spectraNbduplex,exc = 360 was precipitated in cold ED to yield the trifluoracetic salt
nm) were recorded on a Fluoromax-3 fluorimeter (Jobin- of the peptide as a light yellow powder. ESI-M&/z (%);
Yvon) and corrected for Raman emission from the buffer Lys-Lys-Lys 403.6 (100) [M#+ H]*, 202.5 (10) [M+ 2H] "%
solution. All emission spectra were recorded with a band- Lys-Tyr-Lys 438.4 (100) [V H] ", 219.9 (30) [M+ 2H]*%;
pass of 2 nm for both excitation and emission and were Lys-Trp-Lys 921.3 (40) [2Mt+ H]*, 461.4 (100) [M+ H]T,
intensity corrected. The corrected fluorescence intensity of 231.4 (30) [M+ 2H]"2; Nb-Lys 296.2 (100) [M+ H]*;
the titration experiments was integrated from 390 to 630 nm

and normalized. The CD spectroscopy (@\ duplex, 185f 11Abbreviations: CIP, contact ion pair; Nb, nitrobenzoate; Py,
400 nm) was performed on a Jasco J-715 spectropolarimeterpyrene; Py-dU, 5-(pyren-1-yl)-2leoxyuridine.
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Nb-Lys-Lys 552.4 (100) [M+ H]*t, 276.9 (30) [M+ 2H] "2 Scheme 1: Sequences of the Py-dU-Modified DNA

Nb-Lys-Lys-Lys 587.5 (100) [M+ H]*, 294.4 (40) [M+ Duplexesl—3

2H]"?%; Nb-Lys-Tyr-Lys 1219.4 (20) [2M+ H]*, 610.4 (100) Py

[M + H]*, 305.9 (70) [M+ 2H]*2 Nb-Lys-Trp-Lys 847.2 5 C—A—G—T—C—A—T—A-dIU-A—C—A—C—T—G—A—T3
(20) [2M + H]*, 424.3 (100) [M+ H]*, 233.0 (60) [M+ pNA1T D] L
2H]*2. 3 G-T-C-A-G-T-A-T—A-T-G-T-G-A-C-T-A &

Py
|
5 T-C-A-G—T—C-A-T-dU-C-A—C-T-G-A-C-T 3
~E-A-G6-T-A-A-G-T-6-A-C—1-G-A s
Br Py

|
5 T-C-A-G—T—G-AdU dU-A—A—C—T—G—A—C—T 3

For spectroscopic measurements, the peptides were dis-
solved in HO and quantified by their absorbance:(270
nm) = 16.000 Mt cm%(Nb), € (270 nm)= 5.400 M?
cm Y(Trp), € (260 nm)= 1.400 Mt cm™* (Tyr) (47).

Strand Cleaage ExperimentDuplexes (4uM DNA, 10
mM Na—P-buffer, 250 mM NacCl) were prepared by heating
equimolar solutions of the single strands to 9D for 10

DNA2

—---

3 A-G—

DNA3 T :
3 A6 T-C—A-G-T-A-A-T-T-G-A-C—T-G-A &

min in the dark and subsequent slow cooling. The measure- o
ments were performed in quartz glass cuvettes (1 cm). The ‘Q Br\ﬁkN,H
freshly prepared duplexes were irradiated by a Xenon lamp OO | A
(75 W Xe lamp, 14 V, 5.4 A; Oriel Instruments) equipped w0 o > wog o ©
with a cutoff filter (Andover Corporatiors 305 nm). Every k ) k }

5 min, aliquots (3QuL) of the sample solution (1000L) ) .

were taken to a RNAse/DNAse-free container and stored Py-dU Br-dU

protected from light at room temperature. After the with-
drawal of the last sample after 60 min, piperidineu3)
was added to all samples. The samples were heated to 9
°C for 30 min, lyophilised, dissolved in water (14), and
analyzed by analytical HPLC (gradient 0—30% B). The
obtained peaks were processed to give a ratio betwee
unmodified and modified DNA-single strand.

(du/dU*")/E(C/C ™) to be~—1.8 V (32, 35). Both C~ and

*~ have been postulated as intermediates during electron
hopping in DNA (3). We found that T is more likely to
nplay a role as an electron carrier in DNA due to a proton-
coupled electron transfer in case of @33, 35, 55). Hence,
we chose the Py-dU-modified DNA to probe the electron
transfer through the DNA base stackl{ 36) and through

the DNA—peptide interface.

Design, Preparation, and Energetics in the Py-eDNA Using our previously published synthetic procedures, we
SystemBy now, our group focused mainly on pyrene (Py) prepared the Py-dU-modified DNA duplexgs 3 (Scheme
as the photoexcitable electron donor for the investigation of 1) (31, 34). DNA 1 and 2 contain Py-dU as the single
reductive electron transfer in nucleosides and DNBA— modification and electron injection site. In these two DNA
36). Pyrene-labeled oligonucleotides were used previously duplexes, C and T represent the closest electron acceptors
by Netzel and co-workers to investigate the quenching for the subsequent electron shift from dland are placed
efficiency of the photoexcited pyrene emission (Py*) de- either directly adjacent to the Py-dU group (DN or
pending on the flanking DNA based48). Emission spectra  separated by one interveningA base pair (DNA2). DNA
and lifetime measurements provided evidence for an electron3 contains the 5-bromo-2leoxyuridine (Br-dU) label as the
transfer occurring from Py* to the pyrimidine bases T/C and second modification representing a chemical trapping site
a hole transfer from Py* to the purine base G. This charge- for the excess electror3§, 40, 56—60).
transfer assignment has been established by nanosecond The 4-nitrobenzoate (Nb) moiety represents a suitable
fluorescence lifetime measurements with 5-(pyren-1-{4)-2 thermodynamic electron trap for peptides because of its
deoxyuridine (Py-dU)49, 50) and by picosecond transient reduction potential E(Nb/Nb~) = —0.46 V) 61, 62).
absorption experiments using benzopyrerlyti@oxygua- Moreover, the Nb group can be easily attached to the
nosine conjugatess(, 52). With respect to these redox N-terminus of peptides after the solid-phase synthesis via
assignments, we chose to attach a pyrene group covalentljthe Fmoc strategy. The smallest possible DNA-binding
to cytidine and thymidine as the bases which were proposedpeptides Lys-Trp-Lys and Lys-Tyr-Lys have been investi-
to be relevant as intermediate charge carriers during reductivegated by H&ne et al. during the 1980%63%—-66). These

RESULTS

electron transfer in DNA13). In the case of Py-dU and
5-(pyren-1-yl)-2-deoxycytidine (Py-dC), excitation of the

yielding the corresponding pyrimidine radical anions*tPy
dU~ and Pyt—dC~) (32 35). In accordance with our

E(Py*/Py*) = —1.8 V (vs NHE) 63) and E(dU/dU*") =
E(C/C™) = —1.1 V (64), the driving forceAG for the ET
process in Py-dU or Py-dC could be maximd).6 eV (using
Eoo = 3.25 eV for Py* 63)). However, our studies revealed
a driving force AG ~ 0 eV which requires the potential

peptides bind primarily through the electrostatic interactions
of the positively charged amino groups of the lysine side
pyrene moiety leads to an intramolecular electron transfer chains with the negatively charged phosphodiester backbone
of the DNA. Additionally, these peptides bear an aromatic
moiety capable of intercalation into the DNA double helix.
studies, both dU (which is structurally similar to T) and C The binding constants can be found in the range-66 X

are significantly weaker electron acceptors than expected10 4 M. According to these earlier results, we used the Nb-
based upon redox potentials. Combining the potentials modified tripeptides Nb-Lys-Lys-Lys, Nb-Lys-Trp-Lys, and
Nb-Lys-Tyr-Lys as the electron acceptor peptides in our Py-
dU—DNA system. To show that the Nb-modification does
not interfere with binding to the Py-modified DNA, we
representatively performed differential CD spectroscopy of
samples containing DNA together with 20 equiv Nb-Lys-
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Ficure 1: Differential CD spectroscopy of the Py-dU-modified . ~— =MLy LR
DNA 1 (2.5uM) in the presence of Nb-Lys-Lys-Lys, Nb-Lys-Trp- 0.2 —
Lys, and Nb-Lys-Tyr-Lys (each 50M) in buffer (10 mM Na-P, 0.0 f—————
and 250 mM NaCl, pH 7). 0 50 100 150 200 250 300

Peptide (equiv.)
Lys-Lys, Nb-Lys-Trp-Lys, or Nb-Lys-Tyr-Lys, respectively.  Fgure 2: Fluorescence quenching experiments of the Py-dU-
After subtraction of the CD spectra of DNA(without any modified DNA 1 (5.0 uM) in the presence of Lys-Lys-Lys, Nb-
peptide) as well as that of the peptides (without DNA), the Lys, Nb-Lys-Lys, and Nb-Lys-Lys-Lys in buffer (10 mM NP
corresponding CD spectra (Figure 1) show a significant @nd 250 mM NaCl, pH 7).
Cotton effect around 260 nm which indicates that the Nb- .\ oo o Trp and Tyr were incorporated into Nb-

modified tripeptides b|nq to DNA'_ modified tripeptides which could potentially intercalate their
Fluorescence Quenching Experimers.shown recently,  indole or phenole side chains into the DNA base stack. The
the efficiency of the electron transfer after the electron ynmodified tripeptides Lys-Trp-Lys and Lys-Tyr-Lys have
injection in Py-dU-modified DNA duplexes drops signifi-  peen applied as control peptides lacking Nb as the electron
cantly by the presence of just one intervening base B8)t (  acceptor group. In fluorescence titration experiments, Nb-
Hence, DNAL1 represents the best duplex for fluorescence | ys-Tyr-Lys does not show any significant difference in its
quenching experiments since it exhibits a high emission fjyorescence quenching behavior (Figure 3) compared to that
(relative to DNAZ) due to the fact that T or C are not placed of Nb_LyS_LyS (WhICh also bears two positive|y Charged side
directly adjacent to Py-dU as the electron donor group. First, chains). Hence, the intercalation of the phenole moiety does
we focused on the influence of the electrostatic interactions not enhance the electron-transfer capabilities between the Py-
between the positively charged amino side chains of lysine qu—pNA and the peptide. In contrast, Nb-Lys-Trp-Lys
and the negatively charged phosphodiester backbone of thesxhibits a slight increase of the amount of fluorescence
DNA duplex. In fluorescence titration experiments, we quenching compared to Nb-Lys-Tyr-Lys and Nb-Lys-Lys.
applied the peptides Nb-Lys, Nb-Lys-Lys, and Nb-Lys-Lys- |nterestingly, such a difference is also present in comparison
Lys bearing either one, two, or three positive charges, petween the fluorescence quenching properties of the un-
respec;i\_/ely, for potential DNA interactions (Figure 2). The modified tripeptides Lys-Tyr-Lys and Lys-Trp-Lys, which
unmodified peptide Lys-Lys-Lys was used as a reference jngicates a special electronic role of the indole side chain.
lacking the electron acceptor Nb. Interestingly, in the latter  chemical Probing.Br-dU has been established as a
case, the amount of fluorescence increases slightly with chemical electron trap for DNA-mediated electron-transfer
increasing peptide concentration indicating a stiffening of reactions since it undergoes a chemical modification after
the DNA conformation which obviously results in an its one-electron reduction which can be analyzed by piperi-
increased fluorescence of the pyrene moiety. In the case ofgine-induced strand cleavadss(57). Hence, the quantifica-
the three Nb-modified-peptides, the fluorescence of the Py-jon of the strand cleavage yields information about the ET
dU group drops significantly with increasing peptide con- efficiency @6, 40, 58—60). Theoretical studies showed that
centration. With respect to the control experiment using Lys- the electron affinity of Br-dU is significantly higher com-
Lys-Lys, the fluorescence quenching can be attributed to thepared to T 67, 68). However, on the basis of reduction
presence of the Nb group as the electron acceptor. Interestpgtentials, Br-dU seems not to be a significantly better
ingly, the amount of fluorescence quenching of Nb-Lys/Nb- electron accepto6@). In conclusion, Br-dU represents more
Lys-Lys is very similar, whereas Nb-Lys-Lys-Lys shows an characteristics of a kinetic than a thermodynamic electron
increased quenching efficiency. It becomes clear that the thlrdtrap_
amino acid enhances the DNA-binding properties signifi-  DNA 3 bears Br-dU as the chemical electron trap directly
cantly, which stands in agreement with the known binding adjacent to the Py-dU group as the site of electron injection.
properties of small DNA-interacting peptides as elucidated as mentioned already above, the efficiency of the electron
earlier by Héene et al. 63-66). transfer which follows the electron injection in Py-dU-
In a second set of Nb-modified peptides, the influence of modified DNA duplexes drops significantly by the presence
intercalation as a second type of interaction between DNA of just one intervening base paB&). Hence, in contrast to
and peptides was explored. Accordingly, the aromatic amino the previously described fluorescence quenching measure-
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Ficure 3: Fluorescence quenching experiments of the Py-dU-modified DNB.O xM) in the presence of Lys-Tyr-Lys, Lys-Trp-Lys,
Nb-Lys-Lys, Nb-Lys-Tyr-Lys, and Nb-Lys-Trp-Lys in buffer (10 mM N&;, and 250 mM NacCl, pH 7).

--m=-- Ww/o peptide

--m-- Lys-Lys-Lys
--m-- Lys-Tyr-Lys
--m-- Lys-Trp-Lys

—== Nb-Lys-Lys

—m— Nb-Lys-Lys-Lys
—n— Nb-Lys-Tyr-Lys
, —m=— Nb-Lys-Trp-Lys

[Py-DNA] (%)

t (min)

Ficure 4: Analysis of the strand cleavage experiments with DBIM «M) in the presence of Lys-Tyr-Lys, Lys-Trp-Lys, Nb-Lys-Lys,
Nb-Lys-Tyr-Lys, and Nb-Lys-Trp-Lys in buffer (10 mM N& and 250 mM NacCl, pH 7). Each experiment has been repeated at least
three times.

ments, DNA 3 represents the best duplex for chemical any degradation of the oligonucleotides by irradiation at
probing of the electron-transfer reaction since it exhibits a smaller wavelengths. No strand cleavages have been ob-
relatively high cleavage efficiency. The DNAserves as a  served during the irradiation of DNAwithout the addition
reference duplex lacking Br-dU as the electron acceptor for of any peptide (Figure 5). Initially, this experiment repre-
control experiments. sented an important control that the observed strand cleavage
The irradiation experiments of DNA duplex2gand3 have in the DNA 3 can be assigned to the presence of Br-dU as
been performed in such a way that after the start of the the electron acceptor (Figure 4).
experiment aliquots have been collected every 5 min, The unmodified tripeptides Lys-Lys-Lys, Lys-Tyr-Lys, and
subsequently treated with piperidine at elevated temperature Lys-Trp-Lys did not show any influence of the strand
and finally analyzed by HPLC. Each experiment had to be degradation behavior during the irradiation of DNBAAS
repeated at least three times. A 75 W Xe lamp with a cutoff shown by the fluorescence quenching experiments, see above,
filter (=305 nm) has been used for these experiments to only Nb-modified DNA-binding peptides are capable to trap
selectively photoexcite the Py-dU chromophore and to avoid the excess electron which was initiated by the photoinduced
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Ficure 5: Analysis of the strand cleavage experiments with DRI uM) in the presence of Lys-Tyr-Lys, Lys-Trp-Lys, Nb-Lys-Lys,
Nb-Lys-Tyr-Lys, and Nb-Lys-Trp-Lys in buffer (10 mM N& and 250 mM NacCl, pH 7). Each experiment has been repeated at least
three times.

charge separation in the Py-dU chromophore. Thus, it wasundergoes an electron transfer yielding the charge separated
expected that in the presence of Nb-modified peptides the state Py —dU*~. In accordance with our recently published
strand degradation during the irradiation of DNeAshould transient absorption experiment86( 70), the charge-
be decreased in comparison to experiments without theseparated state shows, in addition to the local pyrenyl
addition of such peptides. Surprisingly, the Nb-modified absorption bands (Py* and Py, a broad and intense band
peptides Nb-Lys-Lys and Nb-Lys-Lys-Lys did enhance the in the near-infrared region which corresponds to a contact
efficiency of the strand cleavage (Figure 4). Even more ion pair (CIP) absorption which is a composite of the two
unexpected was the observation that the Nb-modified tri- strongly interactingz-systems in Py —dU~. This exciplex
peptides which bear an aromatic amino acid, Nb-Lys-Tyr- state shows fluorescence. The corresponding emission was
Lys and Nb-Lys-Trp-Lys, did not show an increased strand measured in the experiments presented herein. In contrast
degradation of DNA3 in comparison to the experiment to local radical ion bands, the intensity of the CIP band
without the addition of any peptide. It is important to point depends on the magnitude of the electronic coupling between
out that these peptides exhibit significant fluorescence the two aromatic subsystems and therefore on the conforma-
quenching when added to DNAshowing that an electron  tion of Py-dU. The subsequent electron shift fronrdisto
transfer occurs indeed. These results indicate that there musthe base stack competes with charge recombination as we
be a second reaction channel which is different to the electronhave shown previously by combining spectroscopic and
transfer from the Py-dU to the Br-dU group, but yields also chemical methods3(l, 32, 35, 36). Only this subsequent
strand degradation during the irradiation. It looked reasonableelectron-shift process quenches the pyrene emission and can
to assume that such a second reaction channel is inhibiteche probed chemically by trapping the electron at the Br-dU
in the presence of the indole or phenole group as part of thegroup leading to strand cleavage which can be quantified
aromatic amino acids Trp or Tyr, respectively. by HPLC analysis (Scheme 2). The applied Nb-modified
To explore these unexpected reactivities, further irradiation pNA-binding peptides can influence this DNA-mediated
experiments were performed using DNAvhich lacks the  electron-transfer processes as shown by the fluorescence
Br-dU group as the electron acceptor (Figure 5). As expectedtitration experiments (Figures 2 and 3). Fluorescence quench-
for this reference duplex, no strand degradation was observedng can occur primarily through a reductive electron-transfer
without the addition of any peptide and also in the presence process in which the Nb group traps the electron from the
of the unmodified peptides Lys-Lys-Lys, Lys-Trp-Lys, and c|p state. Strong electrostatic interactions facilitate this
Lys-Tyr-Lys. Surprisingly, the irradiation of DNA in the electron trapping as it is observed in the order Nb-Lys
presence of Nb-Lys-Lys and Nb-Lys-Lys-Lys resulted in Np-Lys-Lys < Nb-Lys-Lys-Lys.
very efficient strand degradation. HPLC analysis of these
irradiated samples indicated a variety of products and not a
clear strand cleavage at one site as it was observed in cas
of the Br-dU-modified DNA3. As already indicated by the
experiments with DNA3, the results with DNA2 showed
that there has to be a reaction channel other than reductiv

electron transfer which yields strand degradation during the ™ " L ) . o
irradiation. The presence of aromatic side chains in Nb-Lys- attributed to oxidative reactions which have been initiated

_ 1 verTur. i by Py*. Interestingly, the nonspecific irradiation damage of
g;%rléﬁsat?gg_ Nb-Lys-Tyr-Lys seems to inhibit this strand DNA 2 and3is not observed in the presence of the modified
DNA-binding peptides Nb-Lys-Tyr-Lys and Nb-Lys-Trp-Lys
DISCUSSION bearing the aromatic amino acids tyrosine or tryptophane,
In the Py-dU-modified DNA, a pyrene-like excited state respectively. Although the Nb group is present in these
(Py-dU)* is formed upon excitation at 350 nm, which peptides which, according to the fluorescence quenching

Such a reductive electron-transfer process to the Nb group
ields Pyt with an oxidation potentiaE(Py/Py) of 1.4 V
53) capable to oxidize DNAL5). Hence, it is very likely
that the increased nonspecific strand degradation which has
ebeen observed with DNA and, more importantly, DNA
in the presence of Nb-Lys-Lys or Nb-Lys-Lys-Lys can be
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Scheme 2: Summary of the Charge Transfer Processes
Occurring between the Py-dU-Modified DNA and the
Nb-Modified Peptides

DNA-3 Py’ Br
om . |
Nb-peptide W/:\ d:U d:U /:\./w Non-specific
HE T strand breaks
Nb-peptide T —A—A—Tow
4) Py ?r
|
NV‘A dU A-NV‘ DNA-ET J\MA dU dU A
o H dU’ strand break
et — A h—Foane b At
Br
DNA-2 Py
om . |
Nb-peptide WI.\ d:U T Am Non-specific
m:_:_:_: ™ strand breaks
Nb-peptide T—A—A—Tww
o+
(L N
|
'WA T—AW _DNAET - wA dU—T Am
No strand
WV‘T A—A va‘ A—A T"VV‘ breaks
Py

Trp/Tyr-Nb-peptide |

o i W/;\_d:U_T_/:\m No strand
WT—A—A—TM breaks

properties, can trap the electron from the CIP state of Py-
dU, the strand degradation mot enhanced in comparison
to the corresponding irradiation experiments without the
addition of peptides. Trp and Tyr contain electron-rich
aromatic moietiesE(Tyr*/Tyr) = 0.9 V (71), EX(Trp**/

Trp) = 1.0 V (15) and thus the corresponding peptides
should be able to trap positive charges from the CIP state of
Py-dU effectively. As a result, the nonspecific strand
degradation of DNA2 and DNA 3 is inhibited. As a
consequence, our results indicate that DNA-binding tripep-
tides which bear both the Nb and the Trp/Tyr moiety are
able to trap both the negative and the positive charge from
the CIP state which is formed upon photoexcitation of the
Py-dU chromophore in DNA.

ot om
Trp/Tyr-Nb-peptide

CONCLUSIONS

We applied small Nb-modified DNA-binding peptides to
elucidate the DNA-peptide interactions electronically. Py-
dU-modified DNA has been used as the photoinducible

charge generator. Upon excitation at 350 nm, the subsequent

electron shift from the charge separated statéP(;lrU into

the base stack can be probed by chemical means using the1o0.

Br-dU group as a kinetic electron trap. The Nb group serves
as a thermodynamic trap for the electron transfer through
the DNA—peptide interface. Our results indicate that, once

the negative charge has been trapped in the peptide, oxidative

processes from PY take place resulting in an enhanced
nonspecific strand degradation of the Py-dU-modified du-
plexes. This latter type of strand cleavage can be inhibited
by the presence of Trp or Tyr as part of the peptides. It is
likely that the positive charge is trapped from the charge-
separated state Py-dU*~ by the indole or phenole side
chain, respectively. Most remarkably, DNA-binding tripep-
tides which bear both the Nb and the Trp/Tyr moiety seem

to be able to trap both the negative and the positive charge.

Although it is obvious that in biological systems neither
Py-dU nor Nb are present, it is clear that our results indicate

Peptides  Biochemistry, Vol. 44, No. 35, 20081755

that DNA-binding peptides could influence the occurrence
of charged DNA base radicals in the double helix signifi-
cantly. DNA-binding peptides serve as models for DNA-
binding proteins and are able to trap charges effectively from
the DNA. Charge injection under physiological conditions
could take place by the participation of protein cofactors,
for example, flavines or FeS clusters, which are present
in a variety of DNA-binding proteins such as transcription
factors or repair enzymeg2). It is important to point out
that, according to our results, charge-transfer processes can
occur through the DNApeptide interface. Interestingly,
simple nonspecific interactions such as electrostatic interac-
tions or intercalation between single amino acids in proteins
and the DNA double helix provide the structural basis to
trap positive and negative charges effectively out of the
DNA. Hence, every DNA-binding protein which is present
in biological systems, for example, histone in the cell nucleus,
has a basic potential for protecting the genetic information
from irreversible damage which could result from charged
radicals as precursors.

SUPPORTING INFORMATION AVAILABLE

Figures showing HPLC analysis of DN& or 3 after
irradiation in the presence of Nb-Lys-Trp-Lys or Nb-Lys-
Lys-Lys. This material is available free of charge via the
Internet at http://pubs.acs.org.
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